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A  sintered  bulk  Li7La3Zr20i2  (LLZ)  pellet  was  prepared  in  Ar  flow.  The  Li  ion  conductivity  of  LLZ  pellet 
sintered  in  Ar  flow  was  lower  than  that  sintered  in  air  due  to  mainly  high  grain  boundary  resistance, 
indicating  that  air  promotes  sintering  of  LLZ.  On  the  other  hand,  stability  against  molten  Li  metal  was  not 
affected  by  sintering  atmosphere.  UC0O2  was  prepared  by  a  sol-gel  method  and  no  impurity  phase  was 
observed  by  XRD  identification.  All-solid-state  battery  with  Li/LLZ/LiCo02  configuration  was  constructed 
and  operated  successfully. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

All-solid-state  lithium  batteries  consisting  of  solid  electrodes 
and  a  Li-ion  conductive  solid  electrolyte  have  been  expected  to 
overcome  the  safety  problem  of  present  lithium-ion  batteries 
including  flammable  non-aqueous  solvent  [1  ].  Li0.35La0.55TiO3  (LLT) 
[2-4]  and  LiTi2(P04)3  (LTP)  [5,6]  possess  high  ionic  conductivities 
of  10-3  to  10-4  S  cm-1,  which  are  acceptable  for  the  all-solid-state 
battery.  Therefore,  many  research  groups  have  investigated  their 
applications  to  all-solid-state  rechargeable  lithium-ion  batteries. 
However,  electrochemical  window  of  LLT  and  LTP  electrolyte  is  lim¬ 
ited  by  facile  reduction  of  Ti4+  and  this  provides  restrict  application 
of  them  because  the  narrow  electrochemical  window  conducts  to 
low  energy  and  power  densities  of  batteries.  A  solid  electrolyte 
with  high  lithium-ion  conductivity,  low  electronic  conductivity, 
and  wide  electrochemical  window  is  strongly  required  for  the  all- 
solid-state  battery. 

In  the  last  several  years,  a  series  of  garnet-like  structural  com¬ 
pounds  have  been  investigated  as  a  novel  family  of  fast  lithium 
ion  conductors  by  Weppner  and  co-workers  [7-10].  Among  them, 
Li5La3Ta20i2  (LLTa)  and  Li7La3Zr20i2  (LLZ)  have  been  paid  much 
attention  because  of  their  stable  nature  against  Li  metal  [7,10]. 

Application  of  LLZ  electrolyte  to  the  all-solid-state  battery  has 
been  attempted  in  some  groups  including  us  and  some  new  find¬ 
ings  has  been  reported  [11,12].  One  of  the  serious  problems  of  LLZ 
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is  very  difficult  to  obtain  sintered  bulk  LLZ  because  of  easy  forma¬ 
tion  of  the  pyrochlore  La2Zr207  (LZ).  In  fact,  we  have  confirmed 
a  formation  of  the  LZ  phase  in  A1203 -added  LLZ  pellet  sintered  at 
1100°C  in  air  [13].  In  order  to  prevent  LZ  formation,  Kokal  et  al. 
has  attempted  preparation  of  LLZ  at  low  temperature  using  sol-gel 
method  [14].  On  the  other  hand,  Kumazaki  et  al.  reported  incor¬ 
poration  of  Si  and  Al  was  very  effective  to  reduce  grain  boundary 
resistance  of  LLZ  [  15].  Therefore,  study  on  sintering  behaviour  of  LLZ 
is  worthwhile  work.  The  sintering  process  in  ah  reports  [10-15]  has 
been  performed  in  air  so  far.  The  sintering  in  inert  atmosphere  has 
been  reported  yet. 

In  this  paper,  we  prepared  sintered  bulk  LLZ  under  Ar  flow.  Elec¬ 
trochemical  properties  of  the  sintered  LLZ  and  compatibility  with 
the  all-solid-state  battery  using  Li  metal  anode  were  examined. 

2.  Experimental 

Li7La3Zr20i2  (LLZ)  was  prepared  by  a  solid-state  reaction 
according  to  our  previous  paper  [13].  LiOH  (Kanto  Kagaku)  La(OH)3 
(Shinetsu  kagaku)  and  Zr02  (TOHSO)  were  mixed  in  agate  mor¬ 
tar  and  then  calcined  at  900  °C  for  6h.  7-Al203  (Daimei  Kagaku) 
was  added  to  the  obtained  LLZ  powder  as  a  sintering  additive. 
The  Al203 -added  powder  was  pelletized  into  a  pellet  with  13  mm 
diameter  and  then  sintered  at  1000°C  for  36  h  under  Ar  flow  of 
100  ml  min-1.  After  sintering,  the  pellets  were  polished  to  obtain 
flat  surface  and  to  control  its  thickness  to  1  mm.  An  observation 
of  cross  section  of  the  pellet  was  performed  by  scanning  electron 
microscope  (SEM,  JEOL).  XRD  (RINT-Ultima,  Rigaku)  was  used  for 
identification  of  crystal  phases  of  the  pellet  using  Cu  Ka  radiation. 
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Fig.  1.  A  cross-sectional  SEM  image  of  LLZ  pellet  sintered  at  1000  °C  for  36  h  in  (a)  air  and  (b)  Ar  flow. 


Li  ion  conductivity  of  the  LLZ  pellet  was  examined  by  the  AC 
impedance  method  with  SI  1260  impedance/gain-phase  analyzer 
(Solartron  analytical).  Prior  to  measure,  Au  was  sputtered  on  both 
sides  of  the  pellet  to  ensure  electrical  contact.  Data  was  collected 
at  ±5  mV  voltage  signal  in  a  frequency  range  of  1  kHz  to  1  MHz. 

Stability  of  the  pellet  against  molten  Li  metal  was  tested  by  a 
contact  of  the  pellet  with  molten  Li  on  Ni  plate  in  Ar-filled  globe 
box.  After  contact  for  72  h,  the  pellet  was  removed  from  the  molten 
Li  and  supplied  for  XRD  measurement. 

LiCo02  cathode  was  prepared  on  the  pellet  by  a  sol-gel 
method.  A  mixture  of  LiCo02  powder  (Celceed  ION,  Nippon 
Chemical  Industrial  Co.  Ltd.)  and  its  precursor  sol  composed 
of  CH3COOLi,  Co(CH3COO)2-4H20,  i-C3H7OH,  CH3COOH,  H20, 
and  poly-vinylpyrrolidone  (molar  ratio  =  1.1:1:20:10:70:1)  was 
impregnated  onto  the  LLZ  pellet  and  then  calcined  at  700  °C  for 
2h  [16].  A  thickness  of  the  cathode  was  about  10  pan  (ca.  1  mg). 
The  impregnated  LiCo02  was  characterized  by  XRD  and  Raman 
spectrum  (NRS-1000,  JASCO)  with  532  nm  laser  radiation.  The  all¬ 
solid-state  battery  with  Li/LLZ/LiCo02  configuration  was  fabricated 
by  putting  Li  metal  on  bare  side  of  LiCo02/LLZ  pellet.  The  cyclic 
voltammetry  (CV)  of  the  all-solid-state  battery  was  measured  at 
scan  rate  of  1  mV  min-1  with  scan  range  of  3.0-4.2  V  vs.  Li/Li+  at 
room  temperature. 


3.  Results 

Fig.  1  displays  a  cross-sectional  SEM  image  of  LLZ  pellet  sin¬ 
tered  at  1 000  °C  for  36  h  in  Ar  flow  and  air.  Many  grains  with  facets 
were  observed  in  Ar  flow  sample.  These  many  grains  make  us  image 
that  the  pellet  possesses  high  grain  boundary  resistance  derived  by 
much  number  of  grain  boundaries.  The  LLZ  pellet  sintered  in  air 
was  sintered  better  than  in  Ar  flow.  In  the  LLZ  pellet  sintered  in 
air,  some  grains  fused  each  other  and  formed  a  large  grain  [13]. 
The  densities  of  LLZ  pellet  sintered  in  Ar  flow  and  air  were  4.3  and 
4.6  g  cm-3,  respectively.  The  molar  ratio  of  Li:La:Zr  estimated  by  ICP 
was  6.7:3.0:2  and  6.8:3.1 :2  in  air  and  Ar  calcination,  respectively. 

XRD  pattern  of  LLZ  pellet  sintered  at  1 000  °C  for  36  h  in  Ar  flow 
was  depicted  in  Fig.  2.  The  XRD  patterns  were  well-matched  with 
the  standard  pattern  known  as  a  garnet  phase  Li5La3Nb20i2  (PDF 
45-0109),  indicating  that  LLZ  with  garnet-like  structure  was  pre¬ 
pared  [10].  No  diffraction  peak  assigned  to  impurity  phase  was 
observed. 

A  complex  impedance  plot  of  the  LLZ  pellet  using  blocking  Au 
electrodes  is  revealed  in  Fig.  3.  A  semicircle  and  Warburg-type 
impedance  were  appeared  at  high  frequency  and  low  frequency 
regions,  respectively.  This  tail  at  low  frequencies  corresponds  to 
a  usual  behaviour  of  ionically  blocking  electrodes  with  ionically 
conductive  nature  [15].  A  similar  behaviour  has  been  observed 
another  garnet-like  ceramic  conductor  [17-20].  crbulk  and  crtotal 
estimated  from  intercepts  of  the  semicircle  at  high  and  low  fre¬ 
quency  sides  were  1.1  x  10-4  and  4xlO_5Scm_1,  respectively. 


These  are  lower  than  LLZ  pellet  sintered  in  air  in  our  previous  report 
(cr bulk  =  2.4  x  10-4  and  crtotal  =  1.4  x  10~4  Scm-1)  [13]. 

In  order  to  test  a  stability  of  the  LLZ  against  Li  metal,  the  LLZ  pel¬ 
let  was  put  on  melting  Li  metal  for  72  h.  No  visual  change  of  the  LLZ 
pellet  was  confirmed  before  and  after  contact  with  Li  metal.  XRD 
patterns  of  them  were  also  completely  identical  and  new  diffrac¬ 
tion  peaks  did  not  appear  (Fig.  4),  indicating  that  the  LLZ  was  stable 
against  Li  metal. 

All-solid-state  battery  with  Li  metal  anode  using  LLZ  solid  elec¬ 
trolyte  was  fabricated  by  using  LiCo02  cathode.  The  LiCo02  cathode 
with  about  10  [xm  thickness  on  the  LLZ  was  prepared  by  sol-gel 
method.  XRD  pattern  showed  clear  diffraction  peaks  of  LiCo02 
(Fig.  5).  All  other  peaks  were  attributed  to  LLZ  and  no  impurity 
phase  was  detected.  In  Raman  spectrum  (Fig.  6),  clear  Raman  bands 
were  confirmed  at  489  and  598  cm-1.  These  bands  are  attributed 
to  Eg  and  Alg  Raman  active  modes,  respectively,  of  HT  (high 
temperature)-LiCo02  with  hexagonal  layered  structure  [21  ]  which 
is  favourable  structure  for  cathode  of  lithium  battery  [22]. 

All-solid-state  battery  composed  of  Li/LLZ/LiCo02  configuration 
was  fabricated  by  setting  Li  metal  on  bare  side  of  LiCo02/LLZ  pellet 
and  was  supplied  to  CV  measurement.  Obtained  cyclic  voltammo- 
gram  is  shown  in  Fig.  7.  A  clear  redox  couple  was  observed  and  the 
redox  behaviour  was  stable  during  first  10  cycles.  It  is  concluded 
that  the  all-solid-state  battery  with  Li  metal  anode  is  operated  suc¬ 
cessfully  by  using  the  LLZ  electrolyte  sintered  in  Ar  flow. 

Electrochemical  properties  of  LLZ  pellet  sintered  in  Ar  flow  and 
its  compatibility  with  all-solid-state  battery  using  Li  metal  anode 
were  examined.  The  LLZ  pellet  sintered  in  Ar  flow  contained  numer¬ 
ous  grains  and  more  grain  boundaries  were  observed  than  the  pellet 
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Fig.  2.  XRD  patterns  of  LLZ  pellet  sintered  at  1000  °C  for  36  h  in  Ar  flow,  (a)  LLZ  pellet 
sintered  in  Ar  flow  and  (b)  standard  pattern  of  a  garnet  phase  Li5La3Nb20i2  (PDF 
45-0109). 
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Fig.  3.  Complex  impedance  plot  of  LLZ  pellet  sintered  at  1 000  °C  for  36  h  in  Ar  flow,  (a)  Whole  plot  and  (b)  magnified  plot  around  origin. 
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Fig.  6.  Raman  spectrum  of  LLZ  pellet  after  LiCo02  impregnation. 
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Fig.  4.  XRD  patterns  of  LLZ  pellet  sintered  at  1000  °C  for  36  h  in  Ar  flow,  (a)  After 
and  (b)  before  contact  with  molten  Li  metal  for  72  h. 
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Fig.  5.  XRD  patterns  of  (a)  LLZ  pellet  after  LiCo02  impregnation,  (b)  standard  pattern 
of  a  garnet  phase  Li5La3Nb20i2  (PDF  45-0109)  and  (c)  standard  pattern  of  LiCo02 
(PDF  50-0653). 


sintered  in  air.  It  is  inferred  that  air  (oxygen  and/or  moisture  in  air) 
promotes  sintering  of  LLZ  and  produces  well-sintered  pellet,  lead¬ 
ing  to  low  grain  boundary  resistance.  A  small  amount  of  impurity, 
which  cannot  be  detected  by  XRD,  may  be  produced  and  contribute 
to  increase  of  grain  boundary.  However,  the  contribution  is  thought 
to  be  small  because  completely  different  morphologies  depending 
on  the  sintering  condition  were  observed  in  the  SEM  images.  The 


Fig.  7.  Cyclic  voltammogram  of  Li/LLZ/LiCo02  cell  at  scan  rate  of  1  mV  min-1  and 
scan  range  of  3.0-4.2  V  vs.  Li/Li+. 
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reason  of  low  bulk  conductivity  of  LLZ  pellet  sintered  in  Ar  has 
not  been  cleared  yet.  On  the  other  hand,  stability  against  molten 
Li  metal  was  not  affected  by  sintering  atmosphere,  both  pellets  did 
not  react  with  molten  Li  metal.  It  is  concluded  that  fabrication  of 
all-solid-state  battery  using  LLZ  sintered  in  Ar  flow  is  possible. 

4.  Conclusions 

A  sintered  bulk  LLZ  pellet  was  prepared  under  Ar  flow.  And 
its  electrochemical  properties  and  compatibility  with  the  all-solid- 
state  battery  using  Li  metal  anode  were  examined.  The  LLZ  pellet 
sintered  in  Ar  flow  contained  numerous  grains  and  more  grain 
boundaries  were  observed  than  the  pellet  sintered  in  air.  It  is  specu¬ 
lated  that  air  promotes  sintering  of  LLZ  and  conducts  to  lower  grain 
boundary  resistance  of  the  LLZ  pellet.  On  the  other  hand,  stability 
against  molten  Li  metal  was  not  affected  by  sintering  atmosphere, 
both  pellets  sintered  in  air  and  Ar  did  not  react  with  molten  Li 
metal.  It  is  concluded  that  LLZ  sintered  in  Ar  flow  can  be  applied  to 
all-solid-state  battery  with  Li  metal  anode. 

References 

[1]  Y.  Suzuki,  H.  Munakata,  K.  Kajihara,  K.  Kanamura,  Y.  Sato,  K.  Yamamoto,  T. 

Yoshida,  ECS  Trans.  16(26)  (2009)  37. 


[2]  X.  Yu,  J.B.  Bates,  G.E.  Jellison  Jr.,  F.X.  Hart,  J.  Electrochem.  Soc.  144  (1997)  524. 

[3]  Y.  Inaguma,  C.  Liquan,  M.  Itoh,  T.  Nakamura,  T.  Uchida,  H.  Ikuta,  M.  Wakihara, 
Solid  State  Commun.  86  (1993)  689. 

[4]  T.  Abe,  M.  Ohtsuka,  F.  Sagane,  Y.  Iriyama,  Z.  Ogumi,  J.  Electrochem.  Soc.  151 
(2004)  A1950. 

[5]  H.  Aono,  E.  Sugimoto,  Y.  Sadaoka,  N.  Imanaka,  G.  Adachi,  J.  Electrochem.  Soc. 
137(1990)1023. 

[6]  J.  Fu,  Solid  State  Ionics  96  (1997)  195. 

[7]  V.  Thangadurai,  H.  Kaack,  W.  Weppner,  J.  Am.  Ceram.  Soc.  86 
(2003)437. 

[8]  R.  Murugan,  V.  Thangadurai,  W.  Weppner,  Appl.  Phys.  A  91  (2008)  615. 

[9]  V.  Thangadurai,  W.  Weppner,  J.  Solid  State  Chem.  179  (2006)  974. 

[10]  R.  Murugan,  V.  Thangadurai,  W.  Weppner,  Angew.  Chem.  Int.  46  (2007)  7778. 

[11]  M.  Kotobuki,  H.  Munakata,  K.  Kanamura,  Y.  Sato,  T.  Yoshida,  J.  Electrochem.  Soc. 
157  (10)  (2010)  Al 076. 

[12]  K.H.  Kim,  Y.  Iriyama,  K.  Yamamoto,  S.  Kumazaki,  T.  Asaka,  K.  Tanabe,  C.  Fisher, 
T.  Hirayama,  R.  Murugan,  Z.  Ogumi,  J.  Power  Sources  196  (2011)  764. 

[13]  M.  Kotobuki,  H.  Munakata,  K.  Kanamura,  Y.  Sato,  K.  Yamamoto,  T.  Yoshida,  J. 
Power  Sources  196  (2011)  7750. 

[14]  I.  Kokal,  M.  Somer,  P.H.L.  Notten,  H.T.  Hintzen,  Solid  State  Ionics  185  (2011)  42. 

[15]  S.  Kumazaki,  Y.  Iriyama,  K.-H.  Kim,  R.  Murugan,  K.  Tanabe,  K.  Yamamoto,  T. 
Hirayama,  Z.  Ogumi,  Electrochem.  Commun.  13  (2011)  509. 

[16]  T.H.  Rho,  K.  Kanamura,  T.  Umegaki,  J.  Electrochem.  Soc.  150 
(2003)  Al 07. 

[17]  V.  Thangadurai,  R.A.  Huggins,  W.  Weppner,  J.  Power  Sources  108 
(2002)  64. 

[18]  V.  Thangadurai,  W.  Weppner,  J.  Am.  Ceram.  Soc.  88  (2005)  411. 

[19]  V.  Thangadurai,  W.  Weppner,  Adv.  Funct.  Mater.  15  (2005)  107. 

[20]  V.  Thangadurai,  W.  Weppner,  J.  Power  Sources  142  (2005)  339. 

[21]  J.  Fu,  Y.  Bai,  C.  Liu,  H.  Yu,  Y.  Mo,  Mater.  Chem.  Phys.  115  (2009)  105. 

[22]  E.  Antolini,  Solid  State  Ionics  170  (2004)  159. 


